By combining data from cosmic microwave background (CMB) experiments (including the recent WMAP third year results), large scale structure (LSS) and Lyman-α forest observations, we derive upper limits on the sum of neutrino masses of Σm ν < 0.17eV at 95% c.l.. We then constrain the hypothesis of a fourth, sterile, massive neutrino. For the 3 massless + 1 massive neutrino case we bound the mass of the sterile neutrino to m s < 0.26eV at 95% c.l.. These results exclude at high significance the sterile neutrino hypothesis as an explanation of the LSND anomaly. We then generalize the analysis to account for active neutrino masses (which tightens the limit to m s < 0.23eV and the possibility that the sterile abundance is not thermal. In the latter case, the contraints in the (mass, density) plane are nontrivial. For a mass of > 1eV or < 0.05eV the cosmological energy density in sterile neutrinos is always constrained to be ω ν < 0.003 at 95% c.l.. However, for a sterile neutrino mass of ∼ 0.25eV, ω ν can be as large as 0.01.
Introduction
Cosmological observations have started to provide valuable upper limits on absolute neutrino masses (see, e.g., the reviews (1; 2)), competitive with those from laboratory experiments. In particular, the combined analysis of highprecision data from Cosmic Microwave Background (CMB) anisotropies and Large Scale Structures (LSS) has already reached a sensitivity of O(eV) (see, (13) and Troitsk (14) ) provide upper limits in the range m β ≤ few eV (5 
where φ 2 and φ 3 parameterize relative (and unknown) Majorana neutrino phases (15) . All 0ν2β experiments place only upper bounds on m ββ (the most sensitive being in the eV range, with the exception of the Heidelberg-Moscow experiment (16) , which claims a positive (but highly debated) 0ν2β signal m ββ > 0.17 eV at 95% c.l. and corresponding to m ββ in the sub-eV range at best fit (17; 18) .
Results from the Liquid Scintillator Neutrino Detector (LSND) (19) challenge the simplicity of the 3-flavour neutrinos picture. The LSND experiment reported a signal forν µ →ν e oscillations in the appearance ofν e in an originallȳ ν µ beam. To reconcile the LSND anomaly with results on neutrino mixing and masses from atmospheric and solar neutrino oscillation experiments, one needs additional mass eigenstates. The simplest possibility is that these additional states are related to right-handed neutrinos, for which bare mass terms (M ν R ν R ) are allowed by all symmetries. These would are sterile, i.e. not present in SU (2) L × U (1) γ interactions. The "3 + 1 sterile" neutrino explanation assumes that theν µ →ν e oscillation goes throughν µ →ν s →ν e . The additional sterile state is separated by the three active states by a mass scale in the range of 0.6eV
In these proceedings we will briefly review the current cosmological constraints on neutrino masses in the 3 and 3 + 1 scenarios and compare them with the findings of m ββ Heidelberg-Moscow and LSND experiments. The results presented here are mostly taken from (20) and (21) and we refer the reader to those papers for more details about the analyses.
Cosmological Constraints on Neutrino Masses 3 Active Neutrino Scenario
The method we adopt is based on the publicly available Markov Chain Monte Carlo package cosmomc (22) . We sample the following eight-dimensional set of cosmological parameters, adopting flat priors on them: the physical baryon, CDM and massive neutrinos densities,
and Ω ν h 2 , the ratio of the sound horizon to the angular diameter distance at decoupling, θ s , the scalar spectral index, the overall normalization of the spectrum d A at k = 0.05 Mpc −1 and, finally, the optical depth to reionization, τ . Furthermore, we consider purely adiabatic initial conditions and we impose flatness.
We include the three-year data (23) (temperature and polarization) with the routine for computing the likelihood supplied by the WMAP team and available at the LAMBDA web site. 1 We marginalize over the amplitude of the Sunyaev-Zel'dovich signal, but the effect is small: including/excluding the correction change our conclusions on the best fit value of a single parameter by less than 2% and always well inside the 1σ confidence level. We treat beam errors with the highest possible accuracy (see (24) , appendix A.2), using full off-diagonal temperature covariance matrix, Gaussian plus lognormal likelihood, and fixed fiducial C 's. The MCMC convergence diagnostics is done throught the Gelman and Rubin "variance of chain mean"/"mean of chain variances" R statistic for each parameter. Our 2 − D constraints are obtained after marginalization over the remaining "nuisance" parameters, again using the programs included in the cosmomc package. In addition to the CMB data, we also consider different datasets. We therefore consider the following cases:
• 1) WMAP-only: Only temperature, cross polarization and polarization WMAP data are considered. Plus a top-hat age prior 10Gyrs < t0 < 20Gyrs.
• 2) WMAP+SDSS: We combine the WMAP data with the the real-space power spectrum of galaxies from the Sloan Digital Sky Survey (SDSS) (31) . We restrict the analysis to a range of scales over which the fluctuations are assumed to be in the linear regime (k < 0.2h −1 Mpc) and we marginalize over a bias b considered as an additional nuisance parameter.
• 3) WMAP+SDSS+SN Riess +HST+BBN: We combine the data considered in the previous case with HST measurement of the Hubble parameter h = 0.72 ± 0.07 (25), a Big Bang Nucleosynthesis Prior of Ω b h 2 = 0.020 ± 0.002 and we finally incorporate constraints obtained from the SNIa luminosity measurements of (26) using the so-called GOLD data set.
• 4) CMB+LSS+SN Astier : Here we include WMAP and also consider the small-scale CMB measurements of CBI (28), VSA (29) , ACBAR (30) and BOOMERANG-2k2 (27) . In addition to the CMB data, we include the constraints on the real-space power spectrum of galaxies from the SLOAN galaxy redshift survey (SDSS) (31) and 2dF (32) . and the Supernovae Legacy Survey data from (33).
• 5) CMB+LSS+SN+BAO: We include in the previous case the constraints from the Baryonic Acoustic Oscillations (BAO) detected in the Luminous Red Galaxies sample of the SDSS (34). don't consider BAO. The details of the analysis are the same as those in (37).
• 7) CMB+SDSS+BAO+Lyman-α: We also include BAO measurements to the previous dataset. Again, see (37) for more details.
In Fig. 1 we plot the likelihood distributions for Σ for each of our analysis. As we can see, these curves do not show evidence for a neutrino mass and provide the 2σ constraints reported in Table I . Such bounds are in good agreement with previous results in similar analyses ((23), (37)) and we can clearly derive the following conclusions:
• As already showed in (23) and (38) , the WMAP data alone, in the framework of cosmological models we are considering, is able to constrain Σ < 2.32eV at 95% c.l.. This limit should be considered as the most conservative since it relies on a single dataset.
• Inclusions of galaxy clustering and SN-Ia data has the ability of further constraining the results. The datasets used in the compilation 2, 3, 4 and 5 provide constraints of Σ < 1.12eV , Σ < 0.77eV , Σ < 0.72eV and Σ < 0.68eV at 95%c.l. respectively. Those results are in agreement with the findings of (23). Different galaxy clustering and supernovae data have been used in order to identify the impact of possible systematics.
• Including SDSS Lyman-α data in 6 and 7 as in (37)) greatly improves the constraints on Σ up to Σ < 0.21eV and Σ < 0.17eV (95% c.l.). This result has important consequences for our analyses especially when compared with the m ββ claim. However, we remark that the constraints on the linear density fluctuations obtained from this dataset are derived from measurement of the Lyα flux power spectrum P F (k) after a long inversion process, which involves numerical simulations and marginalization over the several parameters of the Lyα model. This limit should therefore considered at the same time as the less conservative of the bunch.
+ 1 Sterile Neutrino Scenario
Let us now derive constraints on neutrino masses in the case of a 3 + 1 sterile scenario using all the cosmological datases presented above. If the active neutrino masses are fixed to zero and the sterile neutrino abundance is thermal the upper limit on the sterile neutrino mass is 0.26eV (all at 95% c.l.). Of course the active neutrino masses are not zero. Taking them as a free parameter leads to an upper limit on the sterile neutrino mass of 0.23eV. This is tighter than the m ν = 0 constraint because the limit is really on the sum of all neutrino masses. Fixing the active masses to zero allows the maximum m s . Relaxing this restriction leaves less room for a large m s . We have found some sensitivity to the mass difference of the sterile and active states (and this might be measurable with future data), but current data really constrain only the sum of all neutrino masses.
We now generalize further and allow the sterile neutrino abundance ω s = Ω s h 2 to vary. Fig. 2 shows the constraints in the ω s -m s plane. Note the distinct peak around the region of m s ∼ 0.25eV, presenting an allowed region of parameter space with anomalously large values of ω s . To the left of this peak, the equivalence epoch, a EQ , is very large and the resulting Integrated Sachs Wolfe effect precludes agreement with CMB data. When m s is in the allowed regime, a EQ would still be too large were ω m fixed. However, a model with larger ω m (∼ 0.18) leads to an even smaller, acceptable a EQ . Fortu- Fig. 3 . Effect of extra sterile neutrino on the CMB (top) and LSS (bottom) power spectra. Thin lines correspond to standard model, sterile neutrino of mass m = 1eV (dashed) m = 0.3eV (dot-dashed) and fixed sterile density ω s = 0.01. These curves are normalised to large scale C . Thick dashed and dot-dashed curves correspond to models, which in addition to having sterile mass have had dark matter density increased to match standard a eq and h increased to match CMB peak positions and were normalised at the first peak. Dotted vertical lines on the bottom plot enclose the area where LSS experiments are currently sensitive to with thick line normalisations chosen to illustrate the fact that the 1eV model is a poorer fit than 0.3eV model. See text for discussion.
itously, the enhanced cold matter density also mitigates the freestreaming suppression (which scales as ω −1 c ). At larger neutrino mass (∼ 1eV), additional cold matter would make a EQ too small, so ω m must be closer to 0.13 and the free-streaming suppression becomes relevant again, preventing agreement with large scale structure. This is illustrated in Fig. 3 . Here we show the angular CMB anisotropy and matter power spectrum for different masses at fixed ω s . The suppression due to free-streaming is evident in the power spectrum and clearly becomes more severe for smaller masses. However, increasing dark matter density to match the epoch of matter-radiation equality opposes this effect. Crucial to this interpretation is the realization that the matter-radiation equality is very thoroughly measured by the present-day experiments with little model-dependence. The constraint can be summarised in a eq ∼ (2.95 ± 0.13) × 10 −4 .
Conclusions
By combining data from cosmic microwave background experiments, galaxy clustering and Ly-alpha forest observations we place new constraints on neutrino masses. In the framework of the 3 neutrino scenario cosmological data place an upper limit of Σm ν < 0.17eV at 95% c.l.. The tension (at more than 3σ) between the limits from cosmology and the lower limit on m ββ > 0.17 eV claimed by the Heidelberg-Moscow experiment is a clear symptom of possible problems, either in some data sets or in their theoretical interpretation, which definitely prevent any global combination of data. It would be premature to conclude that, e.g., the 0ν2β claim is"ruled out" by cosmological data but it is anyway exciting that global neutrino data analyses have already reached a point where fundamental questions may start to arise. For the 3 massless + 1 massive thermal neutrino case we bound the mass of the sterile neutrino to m ν < 0.26eV at 95%c.l.. Marginalizing over active neutrino masses improves the limit to m ν < 0.23eV. These limits are incompatible at more than 3σ with the LSND result 0.6eV 2 < ∆m 2 LSND < 2eV 2 (95% C.L.). Moreover, our analysis renders the LSND anomaly incompatible at high significance with a degenerate active neutrino scenario and viceversa. If we allow for the possibility of a non-thermal sterile neutrino, we find that the upper limit of allowed energy density in the sterile neutrino is a strong function of mass. In particular, for m s < 1eV or > 0.05eV the cosmological energy density in sterile neutrinos is always constrained to be ω s < 0.003, but that for sterile neutrino mass of ∼ 0.25eV, ω s can be as large as 0.01eV.
